Abstract: Dual-functionalized ionic liquids (ILs) containing both functionalized cation and anion offer scope for tuning of nucleation and growth steps to achieve crystallographic control. BaMoO 4 crystals synthesized in alkyl methylimidazolium trifluoroacetate ([C n mim]TA, n = 4, 8, 16) aqueous solution display the similar shuttle-like shape. The size of building blocks assembling into the hierarchical architectures has been influenced by the inhibiting effect of the imidazolium substituent alkyl chain. With the increase of imidazolium substituent alkyl chain length, the building blocks change from the truncated octahedron to the nanosheet. The single-crystalline BaMoO 4 dendrites were prepared under the direction of 
INTRODUCTION
Hierarchical superstructures constructed by micro-and nanoscale building blocks have attracted considerable attention, since the properties of micro-and nanocrystals depend not only on their composition, but also on their structure, phase, shape, size, and size distribution [1, 2] . The synthesis of hierarchical superstructures is a crucial step toward realization of functional nanodevices. Therefore, considerable effort has been focused on the well-controlled synthesis of materials with complex morphologies and architectures. In order to obtain inorganic crystals with hierarchical superstructures, many methods have been employed such as electrochemical method [3] , Langmuir-Blodgett technique [4] , laser ablation technique [5] , wet-chemical method [6] [7] [8] , etc. Among these methods, the wet-chemical method was one of the most effective methods because of its variability and simplicity. However, solid-state reactions often need high temperature and rigorous reaction conditions [9] . Generally, hier-archical superstructures can be formed through the evolution of 0D or 1D primary crystals via the Ostwald ripening process, oriented attachment process, or both by using surfactants as direction reagent [10] [11] [12] [13] [14] . The evolution of crystals from 3D dendrites to 1D rods and to 0D particles with prolonged aging time also was reported [15] .
Recently, ionic liquids (ILs), as environmentally benign solvent, have received much attention for organic chemical reactions, catalysis, separations, and inorganic materials synthesis. Especially, ILs have many advantages in the synthesis of inorganic materials [16] . Nanomaterials, such as metal [17, 18] , alloy [19] , oxide [20, 21] , and sulfide [22, 23] , etc., have been synthesized in ILs. However, few reports have been reported on the synthesis of metallic salt, though Zhu and co-workers have synthesized PbCrO 4 and PbCrO 5 nanorods in IL under microwave irradiation [24] . BaMoO 4 with a scheelite structure is an important material in electro-optics due to its production of green luminescence and in electro-optical applications including solid-state lasers and optical fibers [25] . Various methods have been employed to synthesize metal molybdates, such as solid-state reaction, electrochemical methods, the Czochralski technique, hydrothermal method, solvothermal synthesis, and co-precipitation [26] [27] [28] [29] [30] . Among these methods, the surfactant-assisted wet-chemical approach is one of the effective methods for the synthesis of inorganic materials under lower temperature. However, solid-state reaction often needs high temperature and rigorous reaction conditions [31] . A variety of BaXO 4 (X = Mo, W) hierarchical superstructures assembled from the nanobelts and nanowires have been synthesized in a catanionic reverse-micelle system. By adjusting the anionic and catanionic surfactants mixing ratio, BaXO 4 (X = Mo, W) nanosheets, nanobelts, nanowire, and penniform superstructures can be easily synthesized [32, 33] . Spindle arrays, bundle-like, and brush-like BaMoO 4 nanostructures were also obtained in reverse micelles with a solvothermal method [27] . BaMoO 4 nanofibers were synthesized by using CTAB (hexadecyl trimethyl ammonium bromide) as direction reagent [30] . Recently, our group also reported a facile synthesis of BaMoO 4 nanostructure by using PVP (polyvinylpyrrolidone) as capping reagents [34] .
Microwave-assisted heating method may be in favor of the synthesis of hierarchical superstructures [22, 35, 36] , which can provide a very fast heating rate that can promote the nucleation rate in the nucleation period. ILs are good media for absorbing microwaves, due to the fact that they own large organic cation and little inorganic anion, i.e., high polarizability. Another important property of ILs is that different ILs can be designed by introducing some special functional groups into the organic positive ions or the inorganic negative ions of IL [16, 37] .
Herein, we present a facile microwave-assisted method in ILs for the synthesis of BaMoO 4 crystals with 3D architectures, which combine the merits between microwave heating and ILs. There are two reasons why we choose the trifluoroacetate group as the anion of IL. Firstly, the water solubility of ILs with long alkyl chain is not so good, e.g., [ Another reason using carboxyl is that it can adsorbs strongly on metal and crystal surfaces and significantly alters the surface properties. In addition, the crystal growth can be adjusted by the change of imidazolium substituent alkyl chain length. BaMoO 4 crystals with different morphologies can be controllably synthesized by the design of ILs. A microwave oven (SINEO MAS-I) was equipped with a magnetic stirrer and a water-cooled condenser. Temperature was controlled by automatic adjusting of infrared temperature sensor. X-ray powder diffraction (XRD) analysis was carried out on a Bruker D8 diffractometer with high-intensity Cu Kα radiation (λ = 1.54 Å). Transmission electron microscopy (TEM) images were taken with a JEOL 2100 TEM operated at 200 kV. Scanning electron microscopy (SEM) images were taken with a Hitachi S-4800 operating at 15 kV.
EXPERIMENTAL

Chemicals and apparatus
Synthesis of BaMoO 4
In a typical synthesis of BaMoO 4 O aqueous solution (1 ml) was added. The mixture was refluxed under microwave irradiation at 70 °C for 20 min. After cooling to room temperature, the white precipitation was collected by centrifugation and washed several times with deionized water and absolute ethanol. The washed precipitation was suspended in acetonitrile in a closed vessel at 70 °C for 12 h in order to remove the [C 16 mim]TA. The extraction process was repeated until complete removal of the IL from the residual BaMoO 4 . The product was then dried in a vacuum oven at 50 °C for 12 h. Figure 1 shows the chemical structure of ionic liquids. The crystal structure and phase composition of BaMoO 4 were characterized by using XRD. Figure (Fig. 3a) shows that the product consisted of hierarchical dendritic structure, which means that the BaMoO 4 with hierarchical dendritic structures can be synthesized in large scale. Higher-magnification SEM images shown in Figs. 3b,c demonstrate the detailed structural information of the sample. From Figs. 3b,c, the BaMoO 4 dendritic structures are constructed by a long central trunk with four 3D symmetric trunks in the middle. The long central trunk is about 10-12 μm and other four trunks in the middle are about 2-3 μm. Each trunk has one stem and four branches. The branches in each trunk are parallel to each other and in the same plane and are perpendicular to the stem. The length of branches stand on the stem becomes shorter and shorter along the top of trunk. From Fig. 3d , it can be found that the branches are rhombohedral cross-section, and the diameter of these microrods (branches) is about 250 nm. From the deep grooves between the two branches, which are shown in Fig. 3e , two rows of micro towers standing on the stem was carefully observed and revealed that the microtower consisted of linked octahedron with a truncated bottom and tip and ended with an imperfect octahedron cap.
RESULTS AND DISCUSSION
To provide further insight into the structure of the as-prepared BaMoO 4 dendritic structures, individual BaMoO 4 crystal was analyzed by TEM as well as using SAED. A representative TEM image of dendrites is shown in Fig. 3f To investigate the growth mechanism of BaMoO 4 dendritic structures, time-dependent experiments were carefully performed. The products were collected at different stages from the reaction mixture, and then the intermediate products were investigated by SEM. The rudiment of long central trunk with rough surface has already formed at room temperature before heating under microwave irradiation (Fig. 4a) , which implies that the reaction is very fast. The rudimentary long central trunk was composed of a stem with four rows of many short pricks (Fig. 4a) and four protrusions in the middle of a long central trunk also burgeoned (Fig. 4b) . The length of long central trunks are about 9-10 μm which are near the resultant dendrites. The rough surface of rudimentary long central trunk is made of tiny nanoparticles. It is obvious that many branches are produced through attachment of nanoparticles to the stem. With increasing the reaction time to 5 min, the main body of dendritic structure had come into being. Many nanoparticles have been found on the surface of dendritic structure which did not coalesce well to the branches or were absorbed on the surface of dendritic structure as shown by the arrows in Fig. 4c . It is obvious that the growth rate of branches far from the end of long central trunk is faster than that of the branches near the end of the long central trunk. Figure 4d is the high-magnification SEM image of area pointed by the arrow S. From the high-magnification SEM image of the end of the long central trunk (Fig. 4d) , it can be found that a few nanoparticles at the tip of branches did not coalesce well to the branches. When the reaction time was increased to 20 min, few nanoparticles at the tip of the branches were found, i.e., the well-developed dendritic structures were obtained (Figs. 3c-e and 4e), which is very similar to the product obtained after heating for 5 min under microwave irradiation, suggesting that the dendritic structures essentially remained unchanged after heating for 5 min under micro wave irradiation.
Nanostructure formation in a solution typically involves the fast nucleation of primary particles and the subsequent growth by two mechanisms: Ostwald ripening and oriented attachment. Ostwald ripening processes involve the growth of larger crystals at the expense of smaller crystals. Oriented attachment has been regarded as one of the important crystal growth mechanisms. The mechanism of oriented attachment refers to the attachment between two or more nanoparticles followed by sharing a common crystallographic orientation and joining at the planar interfaces. From the above experimental observations, it is reasonable that the formation of BaMoO 4 dendritic structures can be expressed by a two-stage growth mechanism. During Stage 1, the [001]-oriented stem has been formed under the direction of [Omim]TA in a very short time. During Stage 2, many primary nanoparticles spontaneously aggregate on the stem and further grow into [100]-oriented microtowers consisting of truncated octahedral. These primary nanoparticles with size of 30~50 nm participating in the attachment were observed on the tip of microtowers as shown in Fig. 4d . So, it is reasonable to propose that the formation of dendritic structures originates from Ostwald ripening and oriented attachment mechanisms. These primary nanoparticles as building blocks of truncated octahedral had already been formed before these nanoparticles were coalesced into the tip of microtowers through the orientated attachment mechanism. In addition, the coalescence of dendrites in which bottlenecks between adjacent particles being filled up and surfaces of dendrites getting smoothened may attribute to the Ostwald ripening mechanisms. Similar growth process has been also observed by Cheng et al. in the synthesis of PbMoO 4 [13] . A reason able growth process along [100] direction for the BaMoO 4 microtowers is shown in Scheme 1.
The penniform BaMoO 4 nanostructures mentioned in the introduction are similar to the dendritic structures in some ways [32] . It is noteworthy that the stems of penniform BaMoO 4 To investigate the effect of reaction condition on the formation of BaMoO 4 dendritic structures, a series of comparative experiments was carried out through similar processes. As known, the morphology of crystal does not completely depend on the thermodynamic effects because crystallization and crystal morphology often also relies on kinetic effects. Generally, the crystal growth process basically consists of a nucleation step followed by particle growth stages. The nucleation and growth stages are all supplied by the reactant species dissolved in solution. It is crucial for the formation of crystal with special morphology adjusting the kinetics growth factors.
When the molar ratio [Ba 2+ ]/[Mo 7 O 24 6-] = 1, i.e., the Mo atom largely exceeds the stoichio metry, only the root area of adjacent microtowers was merged together (indicated by the black arrow in Fig. 3d) 6-was added, large numbers of primary nanoparticles were formed, which consumed a large fraction of the reactant species in solution. BaMoO 4 dendritic structure can be achieved through oriented attachment of primary nanoparticles under the direction of the IL. There is not enough reactant species in solution for the subsequent coalescence of branches because the reactant species in solution has been nearly used up at the initial stage. When the molar ratio [Ba 2+ ]/[Mo 7 O 24 6-] was increased to 3, uniform shuttle-like crystals with porous surface were obtained and these shuttle-like crystals own two sharp tips and four symmetrically grown protrusions in the middle (Fig. 5a ), which displayed a similar outline with the dendritic structure (shown in Fig. 3 ). Higher-magnification SEM images obtained from the surface of shuttle-like crystals were given in Fig. 5b , showing that many holes with size less than 100 nm in diameter located at the grooves between two neighboring branches. With the molar ratio [Ba 2+ ]/[Mo 7 O 24 6-] increased to 3, more reactant species in solution was allocated for coalescence of branches, but it is not enough for the absolute 6-] = 3. However, the completion of the branches' coalescence induced the clogging of holes on the surface (Figs. 5c,d ). The variation in the morphology and porous structure is attributed to the manipulation of the growth kinetics by adjusting the molar ratio [Ba 2+ ]/[ Mo 7 O 24 6-]. The change of hydrophobic imidazolium substituent alkyl chain length gives us another important method for the modulation of crystal growth. When [Bmim]TA was used as direction reagent rather than [Omim]TA, i.e., the imidazolium substituent alkyl chain length was decreased, the morphology of BaMoO 4 was still dendritic structure. Compared with the results shown in Fig. 3, Fig. 6 shows that the size of the long central stem and branches was decreased and the microtower structure of branch was not clear. The building blocks assembling into the hierarchical architectures are also truncated octahedron. Uniform shuttle-like BaMoO 4 crystals were also obtained ( Fig. 7) 16 mim]TA displayed a similar outline with the dendritic structure, however, the building blocks become the nanosheets (Fig. 7c ) rather than truncated octahedron (Fig. 3e) . Figure 7c indicates that these shuttle-like BaMoO 4 crystals were formed from stacking of nanosheets with a uniform thickness of about 50 nm. From the image of the tip of shuttle-like BaMoO 4 crystals (Fig. 7d) (X = Mo, W) by itself tends to grow into shuttle-like structures along the [001] orientation (c-axis) [32, 34] . The crystal growth along the [001] orientation is inhibited and force the crystal to grow into nanosheets in the presence of [C 16 mim]TA. It is obvious that the long hydrophobic imidazolium substituent alkyl chain should be responsible for the formation of the nanosheet. With the increase of imidazolium substituent alkyl chain length, the building blocks become from the truncated octahedron to the nanosheet, i.e., the long alkyl chain exhibits a strong inhibiting effect on the crystal growth.
[C 16 mim]Br containing anion Br -was also employed to synthesize the BaMoO 4 crystal. BaMoO 4 spherical nanostructure consisting of numbers of nanosheets have been obtained by using [C 16 mim]Br as direction reagent (insert in Fig. 7f) . From Fig. 7f , it is obvious that these spherical nanostructures were formed from the stacking of nanosheets. Therefore, it can be concluded that the functional anion CF 3 COO -plays a crucial role in the formation of shuttle-like BaMoO 4 crystals. The influences that functionalized cations and anions exert on the formation of BaMoO 4 crystals are summarized in Scheme 2.
In order to emphasize the importance of [C 16 mim]TA in the formation of well-defined hierarchical structures, a series of comparative experiments was carried out through similar processes. It is obvious that the amount of [C 16 mim]TA in the solution profoundly affect the morphology and size of the as-obtained products. When the amount of [C 16 mim]TA was 0.1 g and the other experimental conditions were unchanged, large numbers of nanosheets were obtained and shown in Fig. 8a . The left inset in Fig. 8a shows that these cracked nanosheets are about 30 nm in thickness. Several hexagonal nanosheets with lesser size are also observed in the right inset in Fig. 8a . It is reasonable to conclude that these nanosheets are hexagon, however, the large size and thin thickness inducing these nanosheets are fragile. When the concentrations of initial reagents were increased to 0.1 M, hexagonal microsheets were obtained (Fig. 8b) . The inset in Fig. 8b shows that the hexagonal microsheets are about 800 nm in thickness. With the amount of [C 16 mim]TA increased to 0.3 g, the stacking of several nanosheets was observed in Fig. 8c and the stacking of nanosheets should originate from the helical growth of the nanosheets. The helical growth features are observed on many nanosheets (insert in Fig. 8c ) and the helical growth features are similar with the result shown in Fig. 7d . When the amount of [C 16 mim]TA increased to 0.5 g, it is observed that many nanosheets have been stacked. The amount of nanosheets con- 
